Trypsin-like proteases (TLPs) are a large family of enzymes responsible for digestion, blood coagulation, fibrinolysis, development, fertilization, apoptosis and immunity. A current paradigm posits that the irreversible transition from an inactive zymogen to the active protease form enables productive interaction with substrate and catalysis. Analysis of the entire structural database reveals two distinct conformations of the active site: one fully accessible to substrate (E) and the other occluded by the collapse of a specific segment (E*).
Trypsin-like proteases (TLPs) are a large family of enzymes responsible for digestion, blood coagulation, fibrinolysis, development, fertilization, apoptosis and immunity. A current paradigm posits that the irreversible transition from an inactive zymogen to the active protease form enables productive interaction with substrate and catalysis. Analysis of the entire structural database reveals two distinct conformations of the active site: one fully accessible to substrate (E) and the other occluded by the collapse of a specific segment (E*).
The allosteric E*-E equilibrium provides a reversible mechanism for activity and regulation in addition to the irreversible zymogen to protease conversion and points to new therapeutic strategies aimed at inhibiting or activating the enzyme. In this review, we discuss relevant examples, with emphasis on the rational engineering of anticoagulant thrombin mutants.
Allostery in trypsin-like proteases (TLPs)
Approximately 700 proteases are present in the human genome, mediating extracellular matrix remodeling, blood coagulation, immunity, development, protein processing, cell signaling and apoptosis [1] . Four protease families account for over 40% of all proteolytic enzymes in humans. These are the ubiquitin-specific proteases [2] , the adamalysins [3] , prolyl oligopeptidases [4] and the TLPs [5] . TLPs are phylogenetically grouped into six functional categories: digestion, coagulation and immunity, tryptase, matriptase, kallikrein and granzymes. Trypsins, chymotrypsins and elastases breakdown polypeptides in the digestive system [6] . Thrombin, C1r and cognate proteases define the blood coagulation and complement cascades [7, 8] .
Tryptases are major components in the secretory granules of mast cells and feature homotetrameric structure [9] , whereas matriptases are membrane-bound proteases associated with a variety of cancers [10] . A similar association with cancer is found in the kallikrein family [11] , also known for its role in regulation of blood pressure through the kinin system [12] . Granzymes are mediators of directed apoptosis by natural killer cells and cytotoxic T cells that play key roles in the defense against viral infection [13] . Because of their abundance and involvement in health and disease, TLPs represent obvious targets of therapeutic intervention.
TLPs utilize a canonical catalytic triad for activity, composed of the highly conserved residues H57, D102 and S195 (chymotrypsinogen numbering). Catalysis is furthered by a H-bond between D102 and H57 (Figure 1) , which facilitates the abstraction of the proton from S195 and generates a pot nucleophile [14] . A reaction pathway involving two tetrahedral intermediates produces hydrolysis of the target peptide bond. Initially, the hydroxyl O atom of S195 attacks the carbonyl of the peptide substrate with H57 acting as a general base. The oxyanion tetrahedral intermediate is stabilized by the backbone N atoms of G193 and S195, which generate a positively charged pocket within the active site known as the oxyanion hole ( Figure 1) . Collapse of the tetrahedral intermediate generates the acyl-enzyme and stabilization of the newly created N-terminus is mediated by H57. Then, a water molecule displaces the free polypeptide fragment and attacks the acyl-enzyme. The oxyanion hole stabilizes the second tetrahedral intermediate of the pathway and collapse of this intermediate liberates a new C-terminus in the substrate. The catalytic triad and oxyanion hole are assisted in their critical role by other structural determinants ( Figure 1) . Residue 189 at the bottom of the primary specificity pocket interacts with the substrate residue at the site of cleavage and defines the primary specificity of the enzyme [5, 14] . Residues in the 215-217 segment flanking the active site provide additional recognition sites for substrate residues situated immediately upstream of the peptide bond to be cleaved [15] .
Activity in TLPs ensues via a common mechanism that involves the irreversible processing of an inactive zymogen precursor [5, 14, 15] . The zymogen is proteolytically cut at the identical position, between residues 15 and 16, in all members of the family to generate a new N-terminus that ion-pairs with the highly conserved D194 next to the catalytic S195 and organizes both the oxyanion hole and primary specificity pocket for substrate binding and catalysis ( Figure 1 ). The zymogen to protease conversion affords a useful paradigm to explain the onset of catalytic activity as seen in the digestive system, blood coagulation or the complement system and is particularly useful to understand the initiation, progression and amplification of enzyme cascades, where each component acts as a substrate in the inactive zymogen form in one step and as an active enzyme in the subsequent step [16] [17] [18] . However, considerable variation in catalytic activity is observed among TLPs following conversion from the inactive zymogen form. Digestive enzymes like trypsin, chymotrypsin and elastase, complement factors C1r and C1 s, and coagulation factors like thrombin are highly active after the zymogen to protease conversion has taken place. On the other hand, complement factors B and C2 are mostly inactive until binding of complement factors C3b and C4b enable catalytic activity at the site where amplification of C3 activation leads to formation of the membrane attack complex [7, 19, 20] . Coagulation factor VIIa circulates in the blood as a poorly active protease that acquires full catalytic competence upon interaction with tissue factor that is exposed to the blood stream upon vascular injury [21, 22] . Complement factor D assumes an inactive conformation with a distorted catalytic triad [23, 24] until binding to C3b and factor B promote substrate binding and catalytic activity [25, 26] . The high catalytic activity of trypsin, C1r and thrombin contrasted by the ability of complement factor D or coagulation factor VIIa to remain in a zymogen-like form suggests that the trypsin fold may assume active and inactive conformations even after the zymogen to protease conversion has taken place.
Conformational heterogeneity of trypsin affecting the active site and its immediate vicinity is supported by NMR studies [27] and rapid kinetic measurements [28] . The D216G mutant of aI-tryptase crystallizes in the free form with the 215-217 segment near the active site in equilibrium between open and collapsed conformations [29] . Existence of an allosteric equilibrium between active and inactive forms has been proposed for coagulation factor VIIa [22, 30] . A similar equilibrium is supported by rapid kinetics data on thrombin [31, 32] , factor Xa and activated protein C [33] . Structures of thrombin in the free form reveal a conformation, E, with the active site open [34] [35] [36] and an alternative conformation, E*, with the active site blocked by repositioning of the 215-217 segment [37] [38] [39] [40] . Conformational heterogeneity of the free form of thrombin is supported by recent NMR studies [41] . Systematic inspection of the entire structural database (Box 1) reveals that the 215-217 segment may assume alternative conformations that control access to the active site. A strong case emerges for TLPs to be considered allosteric enzymes.
Allostery in trypsin-like proteases: the E* and E forms There are currently 1377 structures of TLPs and zymogens deposited in the Protein Data Bank, but only 51 of them are free of ligands bound to the active site or sites known to influence activity and/or stability (Box 1). These 51 structures depict the protease or zymogen conformation of 21 different members of the trypsin family and were analyzed as a set to establish the 3D architecture of the active site and its substrate accessibility. The high resolution structure 1SHH of thrombin bound to the irreversible inhibitor H-D-Phe-Pro-Arg-CH 2 Cl (PPACK) [35] was used as reference for estimating the volume of atoms along the 215-217 segment of the protease/zymogen in the set encroaching 
S195
TRENDS in Biotechnology Figure 1 . Structure of the active site of a representative trypsin-like protease (TLP). The catalytic residues (H57, D102 and S195), the primary specificity site (D189), the oxyanion hole formed by the backbone N atoms of S195 and G193 (red arrow), residues of the 215-217 segment and the H-bond between the N-terminus of the catalytic chain (I16) and the side chain of D194 are shown. Catalysis requires correct folding of the active site promoted by activation of the zymogen and formation of the I16-D194 H-bond, correct positioning of the catalytic residues for H transfer and correct architecture of the oxyanion hole. Binding of substrate is optimized by interaction with the primary specificity pocket (residue 189) and docking against the 215-217 segment.
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Trends in Biotechnology November 2011, Vol. 29, No. 11 upon PPACK binding to the active site (Box 1). Strikingly, the structures partition into two groups: one with the active site occluded by the side chain of W215 or repositioning of the 215-217 segment as seen in the E* form of thrombin [37] [38] [39] [40] , and the other with the active site fully open as observed in the E form of thrombin [34] [35] [36] . Structures in the E* form feature a collapse of the 215-217 segment that obliterates an average 131 Å 3 of the total 331 Å 3 volume of PPACK bound to the active site. In the E form, the active site is fully open and the 215-217 segment obliterates on average only 1.0 Å 3 of the total volume of PPACK.
The E* form is typified by the structure 3BEI of thrombin in a collapsed conformation [38] and is observed in a number of thrombin mutants [37] [38] [39] [40] . Collapse of the 215-217 segment in 3BEI causes an approximate 48% steric blockage in the volume that would be occupied by PPACK in the active site ( Figure 2) . Importantly, the collapse is removed upon binding of ligands to exosite I located >20 Å away [38] , which confirms that the E* and E forms are in equilibrium and their distribution can be shifted by ligand binding to distinct structural domains. Smaller but very significant collapse of the 215-217 segment is seen in thrombin mutants carrying substitutions in this segment [42] [43] [44] . The first evidence of collapse of W215 was reported for the S215W mutant of complement factor D [45] . In the wild type, the active site is occluded by a shift of the 215-217 segment that brings S215 within the active site and positions R218 in H-bonding interaction with D189, thereby maintaining the enzyme in a self-inhibited conformation [24, 26] . The same self-inhibited form is also seen in the catalytically inactive mutant S195A and R218A [25] . When the atypical S215 is replaced with Trp, the residue found at this position in the majority of TLPs, the collapse becomes even more evident as the indole side chain blocks access to the active site, similar to 3BEI. Most of the collapse is removed when factor D binds to a complex of C3b and factor B [25] , thereby enabling factor D to activate its physiological substrate. A more substantial collapse of the 215-217 segment that completely occludes the active site is observed in prostate specific antigen [46] , tonin [47] and the prophenoloxidase activating factor II, which is a noncatalytic clip-domain enzyme [48] . aI-tryptase is a tetrameric protease with little enzymatic activity and crystallizes in a collapsed form due to repositioning of W215 in the active site and coupling of D216 immediately downstream with the oxyanion hole [49] . The D216G replacement restores the typical residue found at this position in TLPs and produces a structure where the 215-217 segment can be fit to two conformations in a 3:1 occupancy Box 1. Analysis of the current structural database of TLPs and zymogens All structures belonging to the Trypsin Pfam (PF00089, 1377 total) were downloaded from the RCSB. The structure 1SHH of thrombin bound to PPACK [35] was chosen as reference. All other structures were superimposed on 1SHH by RMSD minimization of the a-carbon atoms using the program LSQKAB from the CCP4 suite [93] . Structures with multiple chains corresponding to the trypsin-like domain were superimposed and analyzed independently (1682 chains total). The bound PPACK in 1SHH ( Figure I ) was used to determine the accessibility of the active site for each structure in the database along the structurally analogous 215-217 peptide segment.
The designation of open (E, Z) versus collapsed (E*, Z*) was assigned based on the degree of structural overlap of the aligned PPACK with atoms in the respective target molecules. Structures where the overlap with PPACK would come from ligands bound to the active site or residues from crystal contacts were excluded from the final statistics. The volume of atomic overlap was determined using standard atomic radii and bonding distances and was calculated as follows. A grid of constant volume was constructed around the region encompassing the 215-217 segment (including side chains) plus PPACK for each of the superimposed structures. Spacing between grid points was set to 0.1 Å . The distance between each grid point and each atom was calculated. Any grid point that fell within the covalent bonding radius of an atom was marked as inside. Based on the positioning of PPACK in the active site, the arginine side chain is located such that in a fully open conformation overlap with the 215-217 segment should not be possible. In cases where overlap of a lower numbered atom (e.g. Cb) on the side chain occurred, it was assumed that subsequent higher numbered atoms (e.g. Cg, Cd. . .) were also precluded from the area and were therefore counted as part of the overlap volume. Once all of the grid points had been assigned, the number of points marked as inside were counted with each grid point corresponding to a single cube of constant
. The sum of all volumes corresponded to the union of space occupied by the 215-217 segment and PPACK, that is the combined volume, was determined. Additionally, for each structure, the volume occupied by the 215-217 segment alone and PPACK alone (a constant) were determined. The sum of the 215-217 segment alone plus PPACK alone minus the combined volume was calculated and assigned as the volume of overlap. In cases where no overlap between the 215-217 segment and PPACK occurs, the sum of the two components minus the combined volume should equal zero. The complete list of structures meeting the criteria for analysis is provided in Table 1 .
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TRENDS in Biotechnology Figure I . The E and E* forms. Overlay of the structures of thrombin in the E (1SGI, green) [35] and E* (3BEI, magenta) [38] form on the structure of thrombin bound to the active site inhibitor PPACK (1SHH, white) [35] . PPACK (yellow) and residues H57, S195 and W215 from the protein are rendered as sticks. In the E form, there is no overlap of residues 215-217 with the space occupied by PPACK in the active site. In the E* form, collapse of W215 and the 215-217 segment produces 159 Å 3 occlusion of the space to be occupied by PPACK, which represents 48% of the total volume of the inhibitor (331 Å   3 ).
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Trends 11 ratio: one open and the other collapsed as in the wild type [29] . Hepatocyte growth factor activator crystallizes in the free form in a collapsed conformation [50] similar to 3BEI. In prostasin, the 215-217 segment collapses into the active site with the side chain of W215 assuming two possible conformations [51, 52] , one of which is similar to that of 3BEI [51] . The collapse is removed when Ca 2+ binds to the primary specificity pocket [52] .
Interestingly, collapse of the 215-217 segment into the active site is not unique to the protease form and is documented in the structures of several zymogens (Figure 2) . Chymotrypsinogen [53, 54] adopts a collapsed form for the active site region. Plasminogen features W215 in a 'foot-in-mouth' conformation that occludes access to the primary specificity pocket [55, 56] . The steric hindrance is partially relieved upon binding of streptokinase [57] . In complement profactor D the active site is screened by a collapse of the 215-217 segment [23] and a similar collapse is observed in prokallikrein 6 [58] and complement profactor C1r [59] , but is removed in the active C1r [60] . Collapse of residue 215 against the catalytic H57 is observed in progranzyme K [61] . The inactive a-subunit of the 7S nerve growth factor is a zymogen with a collapsed W215 [62] . Finally, in prethrombin-1, W215 assumes the same conformation as in 3BEI and participates in a hydrophobic cluster that occludes the active site [63] . The structure of aI-tryptase mutant D216G documents both the E and E* conformations in a 3:1 ratio [29] .
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Several structures of TLPs and zymogens solved in the free form assume the E conformation where the active site is wide open to substrate (Figure 2 ). Thrombin crystallizes in the E form in the presence of a point mutation, R77aA, that prevents auto-proteolysis [35, 36] , or the double mutation C191A/C220A that perturbs the primary specificity pocket [34] . Wild type murine thrombin crystallizes in the E form [64] and so do C2a [65, 66] , neuropsin [67] and trypsin [68] . Complement factor C1r crystallizes in the E form [60] but assumes a collapsed conformation in its zymogen form [60] . Several zymogens assume the E conformation with the active site open (Figure 2 and Box 1). They are trypsinogen [69, 70] , complement profactors B [71] and MASP-2 [72] , and coagulation factor XI [73] .
The alternative conformations accessible to residue 215 and the 215-217 segment observed in both the protease and zymogen prove that the allosteric E*-E equilibrium originally uncovered in thrombin [31] is a general property of the trypsin fold. Revision of the current zymogen to protease conversion paradigm appears necessary in terms of a more general scheme where both the zymogen and protease are capable of alternative conformations (Figure 3) . The E*-E equilibrium in the protease form provides a reversible mechanism of regulation of enzyme activity following the irreversible transition from the zymogen form. When E* is stabilized, the protease possesses low activity and acts as an 'allosteric switch' that can be turned on 'on demand' by binding of specific cofactors or allosteric activators that facilitate conversion to the active E form. Relevant examples are complement factor D that shifts from the E* to the E form upon binding to the complex of C3b and factor B [25] and coagulation factor 1hfd  1gvz  1lto  1rd3  1ton  1tq0  3ee0  1ybw  2b9l  2f9o  2gp9  3bei  2xw9  2xwa  3dfj  3e1x  3edx  3kh3  3kh6  3gic  3jz2  1md8  1mh0  1sgi  1npm  2f9o  2g51  2g52  2i6q  2i6s  2odp  2odq  2ocv  2pgb  1chg  1ex3  1ddj  1qrz  1fdp  1gvl  1md7  1mza  1mzd  1sgf  3nxp  1tgb  1tgn  1zjk  2f83  2ok5 Protease Zymogen Figure 2 . Active site accessibility in the protease and zymogen. Accessibility of the active site for all proteases in the set (Box 1) was calculated in terms of the overlap with PPACK bound to the active site in the structure 1SHH of thrombin and expressed as percentage of the total volume of inhibitor. The structures in the set are all free of ligands bound to the active site or at sites known to affect activity or stability and, therefore, provide relevant sampling of the conformations accessible to the fold in the free form. The analysis identifies two groups in each set: one with considerable blockage of the active site where overlap with the volume to be occupied by PPACK is on average 119 Å 3 (36% of total, red bars), and the other with negligible or no overlap averaging 1.0 Å 3 (0.3% of total, green bars). The dichotomous distribution supports existence of an equilibrium between mutually exclusive, collapsed and open forms in both the zymogen and protease. Figure 3 . Zymogen to protease conversion scheme. The classical zymogen to protease conversion scheme is extended to account for allostery in the zymogen and protease. Two forms of the zymogen, one with the active site open (Z) and the other with the active site collapsed (Z*) are in equilibrium and each converts irreversibly to the E or E* form of the protease. Both Z and Z* are inactive. Activity of the protease depends on the distribution between the inactive E* and active E form. The Z*-Z equilibrium in the zymogen controls the rate of conversion to the protease. Natural cofactors and synthetic molecules affect activity of the protease or the zymogen to protease conversion by altering the distribution of the various species in the scheme, as discussed in the text.
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Trends in Biotechnology November 2011, Vol. 29, No. 11 VIIa that makes a similar transition upon binding to tissue factor [22, 30] . Stabilization of E produces a highly active enzyme upon conversion from the zymogen form without requiring macromolecular cofactors, as seen in trypsin, complement factor C1r and thrombin. The allosteric Z*-Z equilibrium in the zymogen influences the rate of conversion to the protease if the Z to E and Z* to E* conversions occur on different time scales. This may enable regulatory control of the kinetics of zymogen to protease conversion in vivo.
Exploiting the allosteric E*-E equilibrium in therapeutic applications
The allosteric E*-E equilibrium not only provides a simple mechanism for protease function and regulation, but also affords a new target for therapeutic intervention. Stabilization of E* relative to E has the potential to completely abrogate substrate binding, as observed for competitive inhibition. Substrate hydrolysis by a TLP undergoing the E*-E equilibrium obeys the following kinetic scheme [39] : ð1 þ rÞ. The presence of E* has no influence on the value of k cat because this parameter is a property of the enzyme-substrate complex, but it influences K m , which increases linearly with r. Basically, E* is functionally equivalent to E bound to a competitive inhibitor. As r increases with the population of E*, the value of K m increases without limits. Hence, any effector/effect that stabilizes E* relative to E has the potential to abrogate activity. By contrast, any effector/effect that stabilizes E relative to E* increases activity by decreasing K m .
Allosteric inhibition of enzyme function through E* may provide a paradigm shift in the therapeutic control of key proteases. The advantage of an allosteric effector of E* over a competitive inhibitor is that the inhibitory effect is not mediated by binding to the active site of the enzyme, thereby minimizing undesired interference with the activity of other targets. Few but highly relevant examples of allosteric inhibition of TLPs have been reported and fit well into perturbation of the E*-E equilibrium. Allosteric inhibitors of factor VIIa have been designed [74] . They bind away from the active site and stabilize a conformation of factor VIIa where the oxyanion hole is flipped, as observed in the E* form. Allosteric modulators of thrombin inhibiting fibrinogen clotting without interfering with protein C activation have been reported [75] . The molecular mechanism of action of these modulators may be similar to that observed with thrombin mutants specifically engineered for anticoagulant activity.
Owing to its involvement in thrombotic deaths, thrombin remains at the forefront of cardiovascular medicine and a major target of antithrombotic and anticoagulant therapies [76] . Because heparin and direct thrombin inhibitors are plagued with complications related to dosage and bleeding, an entirely new strategy of intervention has been proposed in recent years to take advantage of the protein C anticoagulant pathway [77] . Protein C requires thrombin and the assistance of the cofactor thrombomodulin for activation and activated protein C acts as a potent anticoagulant and cytoprotective agent [78] . A thrombin mutant engineered for exclusive activity toward protein C and devoid of activity toward fibrinogen and the platelet receptor PAR1 could represent an innovative and potentially powerful tool to achieve anticoagulation without disruption of the hemostatic balance. Proof-of-principle that such a strategy could benefit the treatment of thrombotic diseases has come from in vivo studies in non-human primates [79] [80] [81] [82] . Specifically, the anticoagulant thrombin mutant W215A/E217A (WE) has been shown to elicit antithrombotic and cytoprotective effects more efficacious than the direct administration of activated protein C and safer than the administration of low molecular weight heparins [81, 83, 84] . WE also improves neurological outcome and reduces cerebral infarct size in a mouse model of ischemic stroke [85] , and is effective in the treatment of inflammatory joint disease [86] . Deletion of the autolysis loop also produces a notable anticoagulant effect in vitro [87] , although the loop is separated from W215 by >20 Å . The mechanism at the basis of the anticoagulant effects observed with these mutants is directly related to the E*-E equilibrium. The mutation stabilizes the E* form, thereby making activity toward fibrinogen and PAR1 vanishingly small, but transition to the active E form ensues upon a concerted action of thrombomodulin and protein C that cannot be reproduced by the procoagulant substrates. The result is a selective anticoagulant effect at the level of the endothelial surface [37, 43] . Existing crystal structures of WE [43] and the loopless mutant [37] reveal a conformation for the free enzyme where the 215-217 segment is collapsed ( Figure 4) as seen in the E* form (Figure 2 and Box 1).
The allosteric E*-E equilibrium also offers ways to increase the activity of the enzyme by stabilizing the E form, as shown recently for thrombin [88] . Stabilization of Z in the zymogen form can also promote activation. Natural examples of this strategy are provided by cofactor-induced activation of the zymogen, as documented in the interaction of streptokinase with plasminogen [57] or staphylocoagulase with prothrombin [89] . The activation is nonproteolytic and involves an allosteric shift in the conformation of the zymogen toward a state that resembles the E form of the protease, consistent with the scheme shown in Figure 3 . This strategy has recently been exploited in other systems with synthetic molecules. Hepatocyte growth factor binds to its target receptor tyrosine kinase, Met, as a single-chain form or as a cleaved two-chain disulfide-linked heterodimer that stimulates Met signaling [90] . Peptides corresponding to the first seven to 10 residues of the cleaved N terminus of the b-chain stimulate Met phosphorylation by the zymogen (single-chain) to levels that are 25% of those stimulated by the two-chain form. Surprisingly, small molecule activators of zymogens have been reported recently for the apoptotic procaspase-3 and procaspase-6 [91] as inducers of autoproteolytic activation by stabilization of a conformation that is both more active and more susceptible to intermolecular proteolysis. Even for this different class of proteolytic enzymes, an allosteric Z*-Z equilibrium can be invoked to explain how stabilization of Z would promote transition to a more competent state and possibly trigger autoproteolysis.
Concluding remarks
The discovery of the allosteric nature of TPLs is a paradigm shift with far reaching consequences on our understanding of their structure, function and regulation. In addition, the allosteric E*-E equilibrium offers a simple conceptual framework for the development of new therapeutic strategies aimed at inhibiting or activating enzyme function. These effects can be achieved by small molecules directed at one of the alternative conformations, or by protein engineering strategies aimed at tipping the equilibrium with site-directed substitutions. Future studies should take advantage of the allosteric nature of TLPs and the potential benefits of interfering with their function through a mechanism that does not involve the active site and thereby improves selectivity. Renewed efforts should be devoted to screenings for small molecules against TLPs aimed at identifying allosteric inhibitors or activators. Similar efforts should be directed to protein therapeutics that take advantage of the E*-E equilibrium. The idea of engineering a TLP acting as an allosteric switch activated on demand by a specific trigger is a challenging goal for biotechnology, but may translate into substantial returns for clinical applications. Anticoagulant thrombin mutants offer a relevant example of this new strategy that expands the current landscape of applications of proteases as therapeutics [92] .
Challenges remain also for the structural biologists and enzymologists as they seek unequivocal evidence of a preexisting equilibrium between alternative conformations in the trypsin fold. Efforts should be directed to crystallization under different solution conditions to promote stabilization and trapping of the open and collapsed conformations of the enzyme and zymogen forms. We still lack evidence that E* and E, or Z* and Z, can be solved crystallographically for the same protein construct and under different solution conditions. Kinetic evidence of the E*-E equilibrium is solid but only for a handful of TLPs amenable to stopped-flow studies. No such evidence currently exists for the Z*-Z equilibrium, nor do we fully understand the possible physiological role of such equilibrium in the zymogen. The field of TLPs is at an important turning point and we predict that some of these open questions will soon be answered with tangible returns for the basic sciences and therapeutic applications. . In the case of D146-149e, the entire 215-217 moves into the active site and occludes 48% of the volume of PPACK. The structures of WE and D146-149e offer substantial insight into the mechanism of action of these mutants and show how thrombin can be turned into an anticoagulant with site-directed mutations that stabilize the E* form.
Review
